Protection of cattle against bovine tuberculosis by vaccination could be an important control strategy in countries where there is persistent Mycobacterium bovis infection in wildlife and in developing countries where it is not economical to implement a tuberculin test and slaughter control program. The main aim of such a vaccination strategy would be to reduce transmission of infection by reducing the lung pathology caused by infection and preventing seeding of the organism to organs from which M. bovis could be excreted. Recent reports of successful DNA vaccination against Mycobacterium tuberculosis in small-animal models have suggested that DNA vaccines act by reducing lung pathology without sensitizing animals to tuberculin testing. We therefore evaluated the ability of vaccines consisting of DNA encoding the mycobacterial antigens MPB83 and 85A to reduce lung pathology and prevent hematogenous spread in guinea pigs challenged with a low dose of aerosolized M. bovis. Vaccination with MPB83 DNA reduced the severity of pulmonary lesions, as assessed by histopathology, and resembled M. bovis BCG vaccination in this respect. However, unlike BCG vaccination, MPB83 DNA vaccination did not protect challenged guinea pigs from hematogenous spread of organisms to the spleen. In contrast, vaccination with antigen 85A DNA, a promising DNA vaccine for human tuberculosis, had no measurable protective effect against infection with M. bovis.
It has been estimated that more than 50 million cattle are infected with Mycobacterium bovis worldwide and that the resulting economic losses are approximately $3 billion (40) . In developed countries pasteurization of milk and control of bovine tuberculosis (TB) by test-and slaughter-based control measures have dramatically reduced the transmission of M. bovis infection from cattle to humans. In these countries M. bovis is now predominantly an occupational zoonosis with potential risk for workers on farms, in abattoirs, and in zoos (13, 19, 37) . In contrast, human TB caused by M. bovis is still a major health issue in many developing countries (11, 12, 14, 20) . A number of factors maintain the threat of bovine TB to human health, including the increase in the number of immunocompromised individuals (20) , the emergence of strains of M. bovis resistant to known drugs (33) , and, in some countries, an increasing prevalence of disease in cattle (25) .
In countries with little or no wildlife reservoir, test and slaughter strategies have proved to be extremely successful in controlling bovine TB. However, this approach has been less successful in countries with significant reservoirs of M. bovis in their wildlife populations, and the cost of such a strategy precludes its use in many low-income countries. In these countries vaccination may be the only available option for the control of bovine TB. In Great Britain, a recent independent scientific review for the government of the recent sharp rise in bovine TB concluded that the best prospect for future control of the disease is to develop a vaccine to protect cattle against M. bovis infection (25) . There are two main goals of vaccinating cattle against TB. The first is to prevent the establishment of infection in animals that are exposed to the organism, and the second is to prevent transmission of infection to other animals within a herd. In countries where tuberculin testing is used to control TB in cattle, either vaccination would need to be so effective that subsequent exposure to M. bovis did not sensitize animals to tuberculin or differential diagnostic tests would be required to distinguish vaccinated animals from animals infected with M. bovis (6, 44) . In developing countries where tuberculin testing is not used to control M. bovis infection in cattle, the principal requirement of a vaccine would be to prevent transmission of the infection. While the goal of preventing establishment of infection may be difficult to achieve by vaccination, the goal of reducing transmission is less stringent and may be achievable by reducing lung pathology and preventing seeding of the organism to organs from which M. bovis could be excreted. In cattle, lesions are predominantly found in the lungs or lymph nodes of the thorax (30) . A lowdose intratracheal challenge model has been established with cattle for testing vaccine efficacy; in this model the main readout is reduction in the number and severity of tuberculous lesions in the lungs and thoracic lymph nodes (6) . Recent advances in DNA vaccination indicate that it may be possible to produce a vaccine that is active against M. bovis in cattle and reduces lung pathology without sensitizing the animals to the tuberculin skin test (2, 43) . Such a vaccine would allow continued use of tuberculin-based strategies to remove animals that are not protected by vaccination.
Mycolyl transferase (antigen 85A [Ag85A]) (4) and MPB83, a lipoglycoprotein of unknown function (21) , are major antigens of Mycobacterium tuberculosis and M. bovis during infection (21, 27, 31, 36) . In a number of studies, vaccination of mice and guinea pigs with DNA encoding Ag85A resulted in strong cellular immune responses and protection against challenge with M. tuberculosis (2, 3, 22, 41, 42) . Evaluation of vaccination with DNA encoding MPB83 has been more limited, but recent studies revealed immune responses in both mice and cattle following vaccination and protection of mice against challenge with M. bovis (7) and M. tuberculosis (29) . Recently, it was shown that the prolonged survival of Ag85A DNA-vaccinated guinea pigs following aerogenic challenge with M. tuberculosis resulted from less severe pulmonary pathology rather than a reduction in the bacterial load in the lungs or spleen (2) . The authors therefore suggested that assessments of the protective efficacy of vaccines other than M. bovis BCG should include assessments of long-term survival and pathology, as well as assessments of reductions in organ bacterial load.
In the present study, we evaluated vaccines consisting of DNA encoding Ag85A and MPB83 for their ability to protect guinea pigs challenged aerogenically with a low dose of M. bovis. Challenge with M. bovis caused extensive infiltration of lymphocytes into the lungs of unvaccinated guinea pigs. Like BCG vaccination, vaccination with either DNA construct provided significant protection against this lymphocytic infiltration. In addition, vaccination with DNA encoding MPB83 reduced the extent of granulomatous inflammation and caseation following aerogenic challenge with M. bovis, which also resembled an effect of BCG vaccination. However, unlike BCG vaccination, DNA vaccination did not reduce the load of acid-fast bacilli (AFB) in the lungs or protect challenged guinea pigs from hematogenous spread of organisms to the spleen.
MATERIALS AND METHODS
DNA constructs. Plasmid pCMV-83 was made by inserting the mpt83 gene (which has a sequence identical to that of the mpb83 gene from M. bovis [21] ) from M. tuberculosis H37Rv into the plasmid backbone pCMV4 as described previously (7) . Plasmid pCMV4 is based on plasmid vector pCDNA3.1 from Invitrogen (Leek, The Netherlands), with addition at the HindIII restriction site of intron A from the human cytomegalovirus immediate-early gene (10) . The control plasmid pCMV-link was made by removing mpt83 from pCMV-83 as described previously (7) . Plasmid pVR1020-85A encoding Ag85A from M. tuberculosis and its plasmid vector, pVR1020, have been described previously (41) . DNA used for immunization was prepared by using a QIAGEN-tip 10000 plasmid extraction kit and endotoxin-free buffers (QIAGEN Ltd., Dorking, United Kingdom) as recommended by the manufacturer. The DNA was resuspended in endotoxin-free phosphate-buffered saline (PBS) (Sigma, Poole, United Kingdom) prior to injection.
Bacteria and media. Lyophilized M. bovis BCG Pasteur strain (obtained from the Statens Serum Institut, Copenhagen, Denmark) was cultured in 10 ml of M-ADC-TW broth (23) for 7 days and stored at Ϫ80°C in seed lots. The strain of M. bovis used in this study (AF2122/97) was isolated from a tuberculin test reactor cow in 1997 and was cultured at Veterinary Laboratories Agency Weybridge. For enumeration, BCG Pasteur was plated on Middlebrook 7H10 agar containing 0.2% (vol/vol) glycerol and 10% (vol/vol) Middlebrook oleic acidalbumin-dextrose-catalase (OADC) enrichment. M. bovis strain AF2122/97 was plated on Middlebrook 7H10 agar containing 4.16 mg of sodium pyruvate per ml and 10% (vol/vol) Middlebrook OADC enrichment. When necessary, serial dilutions of bacterial suspensions were prepared in water containing 0.05% (vol/vol) Tween 80 to maintain dispersion.
Inoculation of guinea pigs. Outbred female Dunkin-Hartley guinea pigs that weighed between 350 and 450 g and were free of intercurrent infection were obtained from Charles River UK Ltd., Margate, United Kingdom. The guinea pigs (six animals per group) each received either 100 l of PBS or 100 g of a plasmid DNA vaccine in the biceps femoris muscle of both hind limbs on two occasions 3 weeks apart. For the BCG group, the concentration of the BCG vaccine was adjusted to 2 ϫ 10 5 CFU/ml immediately prior to injection and the cells were dispersed by brief sonication by using a CV18 converter fitted with a 3-mm-diameter tip attached to a Vibracell control unit (Sonics & Materials Inc., Danbury, Conn.) set at 20% power. The guinea pigs were injected subcutaneously in the nape with 250 l of the BCG preparation (representing an inoculum of approximately 5 ϫ 10 4 CFU) on the day of the second DNA injection.
Aerosol infection of guinea pigs. Vaccinated guinea pigs were challenged with M. bovis strain AF2122/97 via the aerosol route 8 weeks after the last inoculation by using a modified version of the mobile Henderson apparatus (15) , as previously described (45) . A suspension containing approximately 10 6 CFU/ml was used in order to obtain an inhaled retained dose in the lungs of approximately 10 organisms (9) .
Postmortem examination of guinea pigs. Infected animals were killed with peritoneal overdoses of sodium pentobarbitone 10 weeks after challenge or when an individual had lost 20% of its maximal body weight (the humane end point), whichever was sooner. Examination was carried out immediately after death. For each animal an external assessment of the condition of the body was followed by gross internal examination of the neck region and the thoracic and abdominal cavities. The lungs with the trachea, heart, and tracheobronchial lymph nodes attached were removed and placed in 10% Formol-buffered saline for subsequent examination. The whole spleen was removed aseptically and placed in 5 ml of sterile distilled water for bacteriological assessment.
Determination of pulmonary disease by using formalin-fixed tissue. The trachea, bronchi, and heart were dissected away prior to detailed examination of the fixed lungs from each animal. The number of visible lesions on the dorsal surface of all lobes was recorded on a diagram of the lungs along with the positions and sizes of the lesions and information about whether necrosis or consolidation was present. Sections were then cut from the lungs of each animal and used for histopathological evaluation. A section was prepared from the base of the left apical lobe and from the right diaphragmatic lobe of each lung; we made sure that each lobe was sectioned at the same position for every animal. Duplicate sections were stained with hematoxylin and eosin stain and with van Giesson stain in order to aid visualization of fibrous tissue. The two sections were scored in a blinded fashion for the following features: area of the section occupied by granulomatous inflammation (granuloma area); fibrosis; calcification; and necrosis (coagulative or caseous). Necrosis was described as coagulative when the architecture of the tissue was preserved. In contrast, if all tissue architecture was lost, the necrosis was termed caseous (5) . The extent of lymphocytic infiltration in each section was also assessed, along with the distribution of the lymphocytes (perivascular and/or peribronchiolar, peripheral to the granuloma, or inside granulomas). The extent or severity of each feature was assigned a score ranging from 0 to 4.
Bacterial enumeration. Following Ziehl-Neelsen staining, approximate numbers of AFB were determined in the sections of lungs examined for histopathology. The following scoring system was used to describe the data: 0, no AFB observed in the entire section; 1, 1 to 15 AFB observed in the whole section; 2, AFB observed frequently and detected in most fields (at a magnification of ϫ40) with necrosis; 3, AFB very numerous and aggregates of AFB. Spleens were homogenized in 5 ml of sterile distilled water by using a rotating blade macerator system. Viable counts were determined by using serial dilutions of the macerate, and preparations were examined after 4 weeks of incubation at 37°C for growth of mycobacteria. The limit of detection was 25 CFU.
Statistical analyses. Appropriate statistical tests were used, and all data were analyzed by using the InStat software package (version 3.00; GraphPad, San Diego, Calif.). The Mann-Whitney nonparametric test was used when the data were not sampled from Gaussian distributions (see Table 1 and Fig. 3) . One-way analysis of variance was used for some of the data (see Fig. 1 ).
RESULTS
Influence of vaccination on the number of gross pulmonary lesions. Animals were vaccinated with either pCMV-83 encoding MPB83, pVR1020-85A encoding Ag85A, or the control vector plasmids. Two additional groups of guinea pigs were vaccinated with BCG Pasteur and PBS. Eight weeks after the final vaccination all animals were exposed to a low-dose aerosol of M. bovis. One animal in the PBS group, two animals in the pVR1020-vaccinated group, and two animals in the pCMV-83-vaccinated group were killed at the humane end point before the end of the experiment. Bacteriological analysis was not performed on these animals. All remaining animals survived to 10 weeks after challenge and were then killed humanely and used to evaluate vaccine efficacy. Figure 1 shows the number of visible lesions on the dorsal surfaces of the fixed lungs. Although vaccination with pVR1020-85A, pCMV-83, and BCG reduced the mean numbers of lesions by 22, 27, and 56%, respectively, compared with that of the PBS control, these reductions were not statistically significant (as determined by analysis of variance).
Influence of vaccination on pulmonary histopathology. To examine the pathology of the lungs in more detail, sections were cut from each animal at standardized positions, and a number of histopathological features were assessed in a blinded manner (Table 1 ). All test treatments reduced the extent of granulomatous inflammation compared with that of the PBS treatment, and the results obtained for the pCMV-83 and BCG groups were significantly different statistically. Representative examples of the histopathology observed in vaccinated animals and animals treated with PBS are shown in Fig. 2 . Vaccination with both pCMV-83 and BCG also reduced the extent of caseation within granulomas. Only BCG vaccination reduced the load of AFB and the amounts of calcification, fibrosis, and necrosis apparent histologically, which supported the gross assessment made with lesions. There was a marked difference between groups in terms of the extent of lymphocytic infiltration. All three vaccinated groups had less-extensive lymphocytic infiltration per section than the controls (Fig.  2) , and the differences were significant statistically, very significant in the case of pCMV-83 (P ϭ 0.0003, as determined by the Mann-Whitney test). Although there were fewer lymphocytes, careful examination revealed that a greater proportion of the lymphocytes in the pCMV-83-vaccinated animals were located within granulomas rather than peripherally or perivascularly (data not shown). This was not observed for granulomas present in guinea pigs vaccinated with either of the other vaccines.
Vaccination with pCMV-83 did not reduce hematogenous spread of M. bovis. The bacterial loads in the spleens of all animals that survived to the end of the experiment were determined (Fig. 3 ). Only vaccination with BCG reduced the number of bacteria in the spleens (P Ͻ 0.005, as determined by the Mann-Whitney test). The bacterial counts for three of the six animals vaccinated with BCG were below the limit of detection (25 CFU). These animals also had the fewest gross lung lesions (Fig. 1) . The remaining three BCG-vaccinated animals had an average reduction in bacterial load compared with that of the PBS control of 1.7 log 10 . Neither vaccination with pVR1020-85A nor vaccination with pCMV-83 prevented hematogenous spread of bacteria from the lungs to the spleens. 
DISCUSSION
DNA vaccines for TB, based on expression of selected mycobacterial antigens, have advantages over live vaccines in a number of respects. Such vaccines should be safer for immunocompromised individuals, quality control should be easier, and at the same time it should be possible to remove irrelevant or suppressive antigens. Another advantage is that studies to date have shown that unlike BCG vaccination, DNA vaccination does not sensitize guinea pigs or cattle to the tuberculin skin test (2, 43) , which would allow continued use of tuberculin with vaccinated animals. Most importantly, a number of vaccines consisting of DNA encoding a single antigen or combined antigens have shown promising efficacy against TB in smallanimal models (22, 24, 28, 29, 41, 42) . In this study we evaluated two candidate DNA vaccines for bovine TB. The vaccine consisting of DNA encoding Ag85A was chosen because it has been shown to protect mice and guinea pigs against M. tuberculosis (2, 3, 22, 41) . The vaccine consisting of DNA encoding MPB83 was chosen because MPB83 is an immunodominant antigen of M. bovis (21, 31, 36) and a vaccine consisting of DNA encoding this antigen has been shown to protect mice to some extent against challenge with M. bovis (7) and M. tuberculosis (29) . This is the first report of evaluation of DNA vaccines for M. bovis with a guinea pig low-dose infection model.
Vaccination with DNA encoding MPB83 and Ag85A reduced the number of pulmonary lesions visible postmortem, although the reduction was not statistically significant for either vaccine. A more detailed study of the histopathology of the lungs of vaccinated and control guinea pigs revealed that vaccination with DNA encoding MPB83 reduced the extent of granulomatous inflammation and caseation to levels intermediate between the levels obtained with controls and the levels obtained with BCG vaccination, as shown in Fig. 2 . Similar effects of vaccination on these parameters, as shown by histopathological assessment, have been reported by other workers (2, 39) . Little or no reduction in the levels of these parameters was observed following vaccination with DNA encoding Ag85A. In vaccination studies in which Ag85A and BCG were used to protect against M. tuberculosis aerosol challenge in guinea pigs, enhanced lymphocyte infiltration into tuberculous lesions was found to correlate with protection against M. tuberculosis (2). In contrast, we did not observe increased lymphocytic infiltration in the lungs of vaccinated animals following aerosol challenge with M. bovis. In fact, the opposite was observed. Since lymphocytes accumulate progressively in the developing tuberculous granulomas (1, 32) , the observed difference may have been due to the fact that we examined tissue sections at least 5 weeks earlier than the tissue sections were examined in the M. tuberculosis study (2) . However, although we assessed protection of the guinea pigs earlier in this study, the animals still developed the full spectrum of pulmonary pathology described for challenge with M. tuberculosis (2), including necrosis, caseation, fibrosis, and calcification. In fact, the protracted progression of M. tuberculosis pathology in guinea pigs appears to be temporally compressed in M. bovis infections (34, 35) . The lower level of lymphocyte infiltration may also reflect differences in the immune responses to M. bovis and M. tuberculosis infections, as suggested by recent comparative studies (8, 45) . The histopathology data support the view that the BCG and MPB83 vaccines retarded the progress of granuloma development, and this may also account for the reduction in lymphocytic infiltration (Fig. 2) .
The ability to prevent hematogenous spread is a recognized feature of BCG vaccination (17, 26, 38) . In this study, only BCG vaccination was able to prevent the dissemination of bacteria to the spleen and to reduce the load of AFB in the lungs; the latter finding was determined histologically. In previous studies, we demonstrated that vaccination with BCG confers a profound level of protection against colonization of the spleen by M. bovis 5 weeks after challenge and that the counts obtained with all spleens were below the lower limit of detection (8) . In this study we found that one-half of the BCG-vaccinated guinea pigs still exhibited a high level of protection 10 weeks after challenge. Enumeration of the gross lung lesions (Fig. 1) suggested that in the other half pulmonary protection had waned, which allowed organisms to escape and colonize the spleen. The greater variability in the number of spleen CFU at 10 weeks following aerosol infection than in the number of spleen CFU at 5 weeks following aerosol infection probably resulted from the stochastic nature of the seeding of the spleen with bacteria from the lungs following the breakdown of local protective immunity.
The inability of Ag85A DNA vaccination to reduce the bacterial load in the lungs and spleens of guinea pigs challenged with M. tuberculosis has been reported previously (2) . However, in the previous study the vaccine consisting of DNA encoding Ag85A mediated a protective effect through reduced pulmonary pathology, which led to enhanced survival of the animals. In the present study, Ag85A vaccination provided little or no protection against the pulmonary pathology caused by aerogenic challenge with M. bovis, although there are a number of differences between the two studies. We used M. bovis for challenge rather than M. tuberculosis, so it is possible that the greater virulence of M. bovis for guinea pigs (18) masked any protective effect of Ag85A vaccination. Another difference is that we used plasmid pVR1020-85A vaccine, whereas Baldwin and coworkers used pV1Jns-85A vaccine (2) . This difference is unlikely to account for the difference in the efficacy of Ag85A DNA vaccination since both plasmids contain the same promoter, secretion signal, and drug resistance marker gene. Moreover, the two DNA vaccines have been found to be equally efficacious in mice (41, 42) . A principal difference between the two studies is that we used half the concentration of vaccine DNA that Baldwin and colleagues used and we administered it on two occasions rather than three occasions. Also, expression of the Ag85 complex in M. tuberculosis may be different from expression of the Ag85 complex in M. bovis.
Vaccination with MPB83 DNA has been reported to protect mice against intravenous challenge with M. bovis (7) and aerogenic challenge with M. tuberculosis (29) . The failure of the same vaccine to reduce the bacterial load in the lungs and spleens of guinea pigs could be due to the fact that guinea pigs are more susceptible to virulent mycobacteria than mice (18) . Furthermore, the extents and natures of the immune response to MPB83 vaccination may be different in the two species. This has recently been reported for Ag85A: vaccination of cattle with DNA encoding this antigen failed to stimulate strong immune responses (43) . We are currently performing vaccination and challenge studies with pCMV-83 in cattle. These studies should determine whether the mouse or the guinea pig is a better model for predicting the efficacy of candidate bovine TB vaccines in a natural host.
At present, the protection provided by DNA vaccines against TB has not exceeded the protection provided by BCG. However, there is cause for optimism. It is hoped that understanding the fundamental nature of vaccine protection in animal models that reflect the natural host will enable more efficacious DNA vaccines to be developed. The fact that the DNA vaccines tested to date do not compromise the tuberculin test in cattle (43) makes them particularly attractive candidates for control of bovine TB. Alternatively, given the ability of the MPB83 DNA vaccine to reduce lung pathology caused by M. bovis, a vaccination strategy consisting of DNA priming and BCG boosting might prove to be a more effective way to improve the protective efficacy of BCG against M. bovis challenge (16) . However, since BCG sensitizes cattle to tuberculin, alternative diagnostic strategies would be required to implement this strategy. Recently, we and others have demonstrated that antigen or peptide cocktails based on ESAT-6 and CFP-10 used in a whole-blood gamma interferon assay can discriminate between M. bovis infection and BCG vaccination with a high degree of sensitivity and specificity (6, 44) . Thus, the use of vaccination regimens consisting of DNA priming and BCG boosting may be feasible as long as the antigens used for diagnosis are not included in the vaccine. Finally, our observation that a DNA vaccine expressing Ag85A, which is a promising candidate vaccine for human TB, did not protect against challenge with M. bovis underlines the need for ongoing empirical testing of candidate vaccines for bovine TB.
